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Thyroid eye disease (TED) is a debilitating disorder charac-
terized by the accumulation of adipocytes and hyaluronan (HA).
ProductionofHAby fibroblasts leads to remarkable increases in
tissue volume and to the anterior displacement of the eyes. Pros-
taglandin D2 (PGD2), mainly produced by mast cells, promotes
orbital fibroblast adipogenesis. The mechanism by which PGD2
influences orbital fibroblasts and their synthesis of HA is poorly
understood.We report here thatmast cell-derivedPGD2 is a key
factor that promotesHAbiosynthesis by orbital fibroblasts. Pri-
mary orbital fibroblasts from TED patients were isolated and
used to test the effects of PGD2, prostaglandin J2, as well as pros-
taglandin D receptor (DP) agonists and antagonists on HA syn-
thesis. The expression of HA synthase (HAS), hyaluronidase,
DP1, and DP2 mRNA levels was assessed by PCR. Small inter-
fering RNAs against HAS1 or HAS2 were used to assess the
importance of HAS isoforms on HA production. Treatment of
human orbital fibroblasts with PGD2 and PGJ2 increased HA
synthesis and HAS mRNA. HAS2 was the dominant isoform
responsible for HA production by PGD2. The effect of PGD2 on
HA production was mimicked by the selective DP1 agonist
BW245C. The DP1 antagonist MK-0524 completely blocked
PGD2-induced HA synthesis. Human mast cells (HMC-1) pro-
duced PGD2. Co-culture of HMC-1 cells with orbital fibroblasts
induced HA production and inhibition of mast cell-derived
PGD2 prevented HA synthesis. Mast cell-derived PGD2 in-
creasedHAproduction via activation of DP1. Selectively target-
ing the production of PGD2 and/or activation of DP1 may pre-
vent pathological changes associated with TED.

Graves disease is an autoimmune disorder in which 40–60%
of patients develop Graves ophthalmopathy, also called thyroid
eye disease (TED).3 TED is characterized by expansion of the

orbital fat compartment and extraocular muscles (1). Intense
inflammation and infiltration of immune cells, including T
cells, macrophages, and mast cells, in the retrobulbar space of
TED patients are key factors that drive the proliferation and
differentiation of orbital fibroblasts to adipocytes (2, 3). In addi-
tion to the adipogenic potential of orbital fibroblasts, these cells
are also key producers of extracellular matrix glycosaminogly-
cans. One of the key pathological findings in TED patients is
the overproduction and accumulation of the glycosaminogly-
can hyaluronan (HA). The extremely hydrophilic nature of HA
leads to remarkable increases in tissue volume and to the ante-
rior displacement of the eye, or exophthalmos (4), resulting in
the disfigurement and vision impairment (5) characteristic of
TED.
HA is synthesized as an acidic, negatively charged, high

molecular weight polysaccharide via the actions of hyaluronan
synthases (HAS) (6), of which there are three isoforms: HAS1,
HAS2, and HAS3. Increased HA synthesis closely correlates
with the expression levels of HAS (7), which are themselves
induced by growth factors, cytokines (7–9), and prostaglandins
(PGs) (10, 11). One PG that may have an important implica-
tion in TED is PGD2. PGD2 is a metabolite of arachidonic
acid that is formed by the actions of cyclooxygenases and
PGD2 synthases (PGDS) (12, 13).Many of the biological actions
of PGD2 are mediated through two G protein-coupled recep-
tors: DP receptor 1 (DP1) andDP2 (also called chemoattractant
receptor-homologous molecule (CRTH2)) (14–16). These
receptors elicit divergent effects by the coupling to either Gs
(DP1) or Gi (DP2) to elevate cyclic AMP (cAMP) or intracellu-
lar calcium (Ca2�), respectively. PGD2 can also spontaneously
undergo a series of dehydration reactions to form the PGJ fam-
ily of prostaglandins, including 15d-PGJ2, an endogenous
ligand for the peroxisome proliferator-activated receptor
(PPAR�) (17, 18).
Human orbital fibroblasts express PPAR� (3), and PPAR� is

crucial for the differentiation of fibroblasts to adipocytes (19).
We recently published that activated human T lymphocytes
isolated from patients with TED produce much more PGD2-
derived PGs comparedwithT cells fromhealthy individuals (3).
Mast cells are also a key cellular source of PGs, with PGD2 being
themajor prostanoid released (3, 20, 21).Mast cells are a central
immune cell in the pathogenesis of TED. Not only is there
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intense mast cell infiltration and degranulation (22) associated
with adipocytes (23) in TED patients, but co-culture of mast
cells with orbital fibroblasts up-regulates HA synthesis (24).
Whether this increase inHAproduction by orbital fibroblasts is
the result of PGD2 acting via the directmodulation ofDP recep-
tors is not known.Herein, we report for the first time that PGD2
increasesHA synthesis in orbital fibroblasts via the induction of
HAS2. Pharmacological inhibition of DP1, but not DP2, pre-
vented the PGD2-induced up-regulation of HA. We also show
that inhibition of PGD2 synthesis by mast cells prevents HA
synthesis by orbital fibroblasts. These results have important
implications for future therapies directed against treating those
afflicted with TED. Preventing PGD2 synthesis by mast cells
and/or DP1 activation on orbital fibroblasts may reduce the
severity of the disease.

EXPERIMENTAL PROCEDURES

Reagents

PGD2, PGJ2, MK0524, ramatroban (BAY-u3405), BW 245C,
4-benzhydryloxy-1-[3-(1H-tetrazol-5-yl)-propyl]-piperidine
(HQL-79), 13,14-dihydro-15-keto-PGD2, anti-DP1, anti-he-
matopoietic type PGDS (H-PGDS), anti-Cox-1 (cyclooxyge-
nase-1), and anti-Cox-2 antibodies were purchased from
Cayman Chemical (Ann Arbor, MI). Forskolin, A23187, and
isobutylmethylxanthine (IBMX) were purchased from Sigma.
Anti-DP2 antibody was purchased fromR&D Systems (Minne-
apolis, MN). All of the drugs were dissolved in DMSO.

Tissue Collection and Cell Culture

Orbital Fibroblasts—Primary orbital fibroblasts were isolated
from TED patients undergoing orbital decompression surgery.
The protocols for orbital biopsy and blood sample (see below)
were approved by the internal review board, and informed,
written consent was obtained from all patients. The primary
fibroblasts were established by standard explant techniques
(25, 26) and cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) (Hyclone, Logan, UT), 2-mercapto-
ethanol (EastmanKodakCo.), L-glutamine (Invitrogen),HEPES
(U.S. Biochemical Corp.), nonessential amino acids, sodium
pyruvate, and gentamicin (Invitrogen). Fibroblasts were char-
acterized by their adherent morphology; expression of vimen-
tin and types I and III collagen; and absence of CD45, factor
VIII, or cytokeratin. Fibroblasts were used at the earliest pas-
sage possible (between passages 4 and 10).
Human T Cells—Lymphocytes were isolated from 60 ml of

peripheral blood obtained during orbital decompression
surgery. Whole blood was separated over a Ficoll-Paque Plus
gradient (Amersham Biosciences) to obtain peripheral blood
mononuclear cells. T cells were enriched using CD3/CD28 T
cell Expander beads (Invitrogen). Specifically, 5 � 106 lympho-
cytes were incubated with CD3/CD28 beads at a 1:1 ratio in
RPMI 1640 with 10% FBS medium at 37 °C for 2 days. After
that, 50 units/ml recombinant interleukin-2 was added to the
culture and incubated for another 2–3days.Onday 5, cellswere
diluted to a concentration of 0.5 � 106 cells/ml in medium
containing 50 units/ml recombinant interleukin-2 and incu-
bated for an additional 3–7 days. Cellular purity was assessed
using an anti-CD3-PE antibody (BD Biosciences, San Jose, CA)

and analyzed on a FACSCalibur flow cytometer (BD Bio-
sciences). The T-cell purity was �95% (data not shown).

Co-culture of Mast Cells with Orbital Fibroblasts

HMC-1 mast cells were allowed to proliferate in Iscove’s
modified Dulbecco’s medium enriched with 5% FBS. Co-cul-
tures were initiated by introducing HMC-1 cells to confluent
cultures of fibroblasts as described previously (24). Mast cells
were washed with RPMI 1640 medium (0.5% FBS) once before
the addition to the fibroblasts (1:1 ratio unless otherwise spec-
ified). After 4 h, themedium andHMC-1 cells were removed by
gently rinsing in phosphate-buffered saline, and fresh RPMI
1640 medium (0.5% FBS) was used to cover the cells. Alterna-
tively, fibroblasts andmast cells were co-cultured in a transwell
system (0.4 �m; Greiner Bio-one, New York) with fibroblasts
being cultured on the bottom and the mast cells in the top
chamber. The ratio of mast cells to fibroblasts was varied from
5:1 to 20:1.

Quantitation of HA

Aliquots of culture medium were removed at the indicated
time points and centrifuged (5 min, 8,000 � g at 4 °C), and HA
levels were quantified by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol (R&D Sys-
tems). Briefly, samples were incubated in HA-binding protein-
coated microwells, allowing HA in samples to react with the
immobilized HA-binding protein. After the removal of un-
bound molecules by washing, biotinylated HA-binding protein
was added to themicrowells. Following a second wash, strepta-
vidin conjugated to horseradish peroxidase was added. After
the last wash, the chromogenic substrate was added, and HA
levels were determined using a Varioskan Flash plate reader
(Thermo Fisher Scientific, Milford, MA).

Agarose Gel Electrophoresis of HA

Fibroblasts were cultured to confluence in 10-cm2 dishes in
RPMI containing 10% FBS, followed by RPMIwith 2% FBS for 3
days. Fibroblasts were then treated with 5 �M PGD2 or control
(DMSO) for 18 h. Cell culture supernatant was centrifuged (5
min at 8,000 � g at 4 °C), and half of the sample was digested
with 1 turbidity-reducing unit/ml Streptomyces hyaluronidase
(Sigma) at 37 °C for 4 h; the remainder of the sample wasmock-
digested. Following digestion with proteinase K (120 �g/ml)
(Qiagen, Valencia, CA) at 37 °C for 4 h, the samples were con-
centrated using a Vivaspin 10,000Da cut-off ultrafiltration spin
column (Sartorius Stedim Biotech, Goettingen, Germany),
washed with phosphate-buffered saline, and analyzed by 1%
agarose electrophoresis. Select-HA HiLadder (Hyalose LLC,
Oklahoma City, OK) and blue dextran (Sigma; molecular mass
2� 106Da)were also run as standards. The gel was stainedwith
0.005% Stains-All (Sigma) in 50% ethanol overnight at room
temperature before being scanned on an HP scanner.

Western Blotting

Following treatments, cells were lysed in 1� SDS sample
buffer, and protein concentrations were determined using the
DC protein assay kit (Bio-Rad). Samples were separated on a 9
or 12% SDS-polyacrylamide gel, transferred to polyvinylidene
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difluoride membranes, and subjected to immunoblotting with
antibodies against DP1 (1:1,000), DP2 (1:500), H-PGDS (1:500),
Cox-1 (1:500), or Cox-2 (1:500). As a loading control, mem-
branes were reprobed for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; 1:3,000; Calbiochem).

Measurement of cAMP

cAMP levels were quantified using a time-resolved fluores-
cence resonance energy transfer immunoassay from PerkinElmer
Life Sciences according to the manufacturer’s protocol. Briefly,
orbital fibroblasts were detached with a non-enzymatic cell
dissociation solution (Versene, Invitrogen) and resuspended
in Stimulation Buffer (pH 7.4; 1� HBSS buffer containing
5 mmol/liter HEPES buffer and 0.01–0.1% bovine serum
albumin) containing 0.5mM IBMX and labeled with theAlexa
Fluor� 647-labeled anti-cAMP antibody. Finally, the cells were
incubatedwith drugs at the indicated times. Following the addi-
tion of the detection buffer, the amount of cAMP signal was
measured.

Measurement of PGD2

HMC-1 cells (1 � 106/well) were seeded into 6-well plates
and cultured in Iscove’s modified Dulbecco’s medium with 5%
FBS in the absence or presence of HQL-79 (H-PGDS inhibitor,
100 �M) at 37 °C for 60 min. The cells were then washed and
resuspended in RPMI 1640 medium with 0.5% FBS. After a 2-h
incubation, the cells were stimulated with 10 �M calcium iono-
phore A23187 for 30 min. The culture media were collected,
and PGD2 in the supernatants was quantified by PGD2-MOX
EIA kits (Cayman Chemical).

Reverse Transcription (RT)-PCR and Quantitative RT (qRT)-PCR

RNA was isolated from orbital fibroblasts or T cells using
an RNeasy minikit (Qiagen) and reverse transcribed to cDNA
using an iScript cDNA synthesis kit (Bio-Rad) and diluted
5-fold in RNase-free H2O. Forward and reverse primers for
each gene are shown in Table 1. The PCR was performed using
the Qiagen Fast Cycling PCR kit for 30 cycles in a Bio-Rad
thermal cycler. The PCR product was visualized on a 5% acryl-
amide gel stained with ethidium bromide. Amplifications with-
out reverse transcriptase were carried out as negative controls.
qRT-PCR was performed in a Bio-Rad iCycler containing B-R
SYBR Green SuperMix for IQ (Quanta Biosciences, Gaith-
ersburg, MD). Efficiency of the amplification was deter-
mined to be �90%.

Amplification of 7 S ribosomal RNAwas carried out for each
cDNA (in triplicate) for normalization. The threshold cycle
number (Ct) of amplification in each sample was determined by
Bio-Rad software, and the relative mRNA abundance was cal-
culated as the Ct for amplification of a gene-specific cDNA
minus average Ct for 7 S, expressed as a power of 2 (i.e. 2�Ct).

Gene Knockdown Using siRNA

Orbital fibroblasts were cultured to 80–90% confluence and
transfected with 80 nMHAS1,HAS2, or scrambled control (SC)
siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) using
Lipofectamine 2000 (Invitrogen). Forty-eight hours post-trans-
fection, RPMI containing 0.5% FBS was added. Twenty-four

hours later, the cells were treated with or without 5 �M PGD2
for 2 h (for qRT-PCR analysis) or 18 h (for analysis of HA
secretion).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA). For comparison be-
tween groups of three or more, an analysis of variance with a
Newman-Keuls multiple comparison test was used to deter-
mine differences between treatments. Error bars represent
the S.D. of triplicate samples. A p value of �0.05 is consid-
ered significant. All experiments were performed at least
three times.

RESULTS

Prostaglandins of the D and J Series Induce HA Synthesis by
Human Orbital Fibroblasts—We previously reported that
PGD2 and PGJ2 induce adipogenesis in human orbital fibro-
blasts (3). Here, we examinedwhether PGD2 or PGJ2would also
induce HA production. Two strains of human orbital fibro-
blasts (OF1 and OF2) from two different TED patients were
treated with increasing concentrations of PGD2 or PGJ2 for
18 h, and HA levels were detected in the cell culture superna-
tant by a commercial HA ELISA. Fig. 1A shows that basal levels
of HA differed significantly between the two orbital fibroblast
strains (OF1 (1.9 � 1.4 ng/�g protein) versus OF2 (0.5 � 0.6
ng/�g protein); #, p � 0.05). Treatment of the fibroblast strain
designated OF1 with either PGJ2 or PGD2 resulted in signifi-
cantly more HA production compared with OF2. PGD2 and
PGJ2 also significantly increased HA synthesis by both fibro-
blast strains in a dose-dependent manner, with 5 �M PGD2 and
2 �M PGJ2 yielding the largest induction (Fig. 1A). Higher con-
centrations of PGD2 or PGJ2 did not further increase HA syn-

TABLE 1
Gene primers

Gene Primer sequence Size

bp
HAS1 (NM-001523)
Forward 5�-TGTGTATCCTGCATCAGCGGT-3� 172
Reverse 5�-CTGGAGGTGTACTTGGTAGCATAACC-3�

HAS2 (NM-005328)
Forward 5�-GCCTCATCTGTGGAGATGGT-3� 181
Reverse 5�-ATGCACTGAACACACCCAAA-3�

HAS3 (NM-005329)
Forward 5�-GGCATTATCAAGGCCACCTA-3� 184
Reverse 5�-AGGCCAATGAAGTTCACCAC-3�

HYAL1 (NM-007312)
Forward 5�-GATGTCAGTGTCTTCGATGTGGTA-3� 79
Reverse 5�-GGGAGCTATAGAAAATTGTCATGTCA-3�

HYAL2 (NM-003773)
Forward 5�-CTAATGAGGGTTTTGTGAACCAGAATAT-3� 79
Reverse 5�-GCAGAATCGAAGCGTGGATAC-3�

HYAL3 (NM-003549)
Forward 5�-CCTCCAGTGCCCTCTTCC-3� 196
Reverse 5�-ACAAGGTCATCCTGGGACAG-3�

DP1 (NM-000953)
Forward 5�-TCTGCGCGCTACCTTTCATG-3� 84
Reverse 5�-TCCTCGTGGACCATCTGGATA-3�

DP2 (NM-004778)
Forward 5�-TTTCTCAACATGTTCGCCAG-3� 131
Reverse 5�-AAGCACCAGGCAGACTTTGT-3�

7 S RNA (NR-002715)
Forward 5�-ACCACCAGGTTGCCTAAGGA-3� 68
Reverse 5�-CACGGGAGTTTTGACCTGCT-3�
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thesis in either of the two fibroblast strains (data not shown).
Therefore, most of the remaining experiments were conducted
using 5 �M PGD2 or 2 �M PGJ2.

We also performed agarose gel electrophoresis to analyze the
molecular size(s) of HA produced by the orbital fibroblasts. HA
is an extremely high molecular weight (Mr) polysaccharide
(�105 to 4 � 106 Da) and can be separated from other glyco-
saminoglycans by ultrafiltration combined with agarose gel
electrophoresis (27). Fig. 1B confirms the presence of HA in the
cell culture media of two fibroblast strains (OF1 and OF2)
(lanes 3–6, blue). Treatment with PGD2 (D2) increased HA
compared with vehicle (V) (lanes 4 and 6; compare with lanes 3
and 5). OF1 also produces relativelymore lowMrHAcompared
with OF2. We also used Streptomyces hyaluronidase to digest
the HA in the samples. Unlike other hyaluronidases, this
enzyme is specific for hyaluronic acid and is inactive with chon-
droitin and chondroitin sulfate (28). The Streptomyces hyalu-
ronidase-digested sample (HA’ase, lane 7) did not show any
blue staining, confirming the HA specificity of the assay.

Together, these results demonstrate
that orbital fibroblasts increase the
production of HA when exposed to
PGD2.
Differential Expression of PGD2-

induced Hyaluronidase (HYAL) in
Two Orbital Fibroblast Strains—
HYALs (HYAL1 to -3) depolymerize
HA into low Mr polymers (29). To
determine if the apparent increase
in lowMr HA in PGD2-treated OF1
fibroblast strain might be the result
of increased HYAL expression, we
treated OF1 and OF2 with 5 �M

PGD2 and assessed mRNA. There
was a significant induction inHYAL1,
HYAL2, and HYAL3 mRNA follow-
ing treatment ofOF1with PGD2 (Fig.
2). In contrast, OF2 failed to signifi-
cantly increase HYAL mRNA ex-
pression. The induction in HYAL in
OF1 caused by PGD2 was signifi-
cantly greater than PGD2-treated
OF2 HYAL mRNA levels (Fig. 2).
These results are the first to demon-
strate regulation of HYAL mRNA by
PGD2 in human orbital fibroblasts.
PGD2 Induces HAS mRNA Ex-

pression in Human Orbital Fi-
broblasts—We next evaluated the
effect of PGD2 on HAS mRNA
expression. Fig. 3A shows that all
three HAS genes are expressed in
orbital fibroblasts. In untreated cells
(vehicle), HAS1 mRNA is very low
and scarcely detectable. In contrast,
HAS2 and HAS3 mRNA are rela-
tively greater. Following 2hof PGD2
treatment, the mRNA for all three

HAS isoforms increased significantly (Fig. 3, A and B), with
HAS1 exhibiting the greatest induction. The increase in HAS1
at 2 h was significantly greater compared with either HAS2 or
HAS3 (Fig. 3B; ###, p � 0.001). The mRNA for all three HAS
isoforms declined rapidly, where by 16 h, there was no signifi-
cant difference compared with untreated (0 h). 7 S ribosomal
mRNA expression remained the same, regardless of treatment
(Fig. 3A, compare lanes 5 and 9) and was used to normalize the
qRT-PCR results (Fig. 3B).
PGD2-induced HA Production by Orbital Fibroblasts Is

Dependent on HAS2 Expression—To verify whether or not HA
synthesis was directly related toHAS expression, siRNAwas used
to selectively knock down HAS1 or HAS2mRNA levels in fibro-
blasts that were treated with PGD2. Fig. 4A shows that siRNA
directed against HAS1 or HAS2 selectively and significantly
reduced (by �75–80% of mRNA levels) PGD2-induced HAS1
(open bars) andHAS2 (black bars), compared with the SC siRNA.

We then analyzed for HA in orbital fibroblasts that were
untreated (open bars) or treated with PGD2 (black bars) after

FIGURE 1. PGD2 and PGJ2 induce HA synthesis in human orbital fibroblasts. A, confluent strains of human
orbital fibroblasts (OF1 and OF2) were cultured in RPMI 1640 with 0.5% FBS for 3 days prior to treatment with
PGJ2, PGD2, or vehicle (DMSO) for 18 h. The cell culture medium was assayed for HA by an HA ELISA as described
under ”Experimental Procedures.“ There was a significant increase in HA production by two strains of orbital
fibroblasts following treatment with PGD2 (1–5 �M) and PGJ2 (2 �M). The experiment was performed in tripli-
cate. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with vehicle control. #, p � 0.05; ###, p � 0.001, OF1 versus
OF2. Results are expressed as the mean � S.D. (error bars). B, agarose gel HA analysis: Orbital fibroblasts (OF1
and OF2) were cultured in RPMI 1640 with 2% FBS for 3 days and then treated with 5 �M PGD2 (D2) or vehicle (V)
for 18 h, and the conditioned medium was analyzed by agarose gel electrophoresis. Both OF1 and OF2 exhib-
ited basal HA (lanes 3 and 5, respectively; blue). When treated with PGD2, there was an increase in color intensity,
indicating increased HA production (lanes 4 and 6; compare with lanes 3 and 5). A Streptomyces hyaluronidase-
digested sample (HA’ase) (from PGD2-treated OF2) was included as a negative control (lane 7).
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transfection with siRNA against HAS1 and/or HAS2 (Fig. 4B).
Those fibroblasts transfected with the SC siRNA exhibited a
significant increase in HA synthesis in response to PGD2 (Fig.
4B; compare with Fig. 1A). Despite the significant increase in
HAS1 mRNA induced by PGD2 (Fig. 3), attenuation of HAS1
expression did not block PGD2-induced HA production (Fig.
4B). In contrast, reduction in HAS2 mRNA expression signifi-
cantly reduced both untreated and PGD2-induced HA produc-
tion when compared with the SC siRNA control (Fig. 4B). This
reduction in HA synthesis in the HAS2 siRNA-transfected,
PGD2-treated fibroblasts was not significantly different com-
pared with untreated SC siRNA-transfected cells (ns, p	 0.13).
These data support that HAS2 is the dominant isoform respon-
sible for the increased HA synthesis by orbital fibroblasts in
response to PGD2.
PGD2 and PGJ2 Induce HA Production in Human Orbital

Fibroblasts via DP1, but Not DP2, Activation—Both PGD2 and
PGJ2 can exert their biological functions via activation of DP1
or DP2 (30). We therefore examined whether or not human
orbital fibroblasts express DP receptors. RT-PCR andWestern
blot analysis revealed that orbital fibroblasts (OF1 and OF2)
express both DP1 and DP2 mRNA and protein, respectively
(Fig. 5, A and B). Protein expression of DP1 and DP2 in orbital
fibroblasts was comparable with that of human T cells, which
are well known to express DP receptors, particularly DP2 (15,
31). Both orbital fibroblast strains (OF1 and OF2) expressed
considerably more DP1 mRNA and protein compared with
DP2 (Fig. 5, A and B).
To determine which DP was involved in the PGD2-mediated

induction of HA, we first utilized well described selective phar-
macological antagonists directed against either DP1 (MK-
0524) (32, 33) or DP2 (ramatroban) (30, 34). Fibroblasts were
untreated or were pretreated with either MK-0524 or ramatro-
ban for 1 h with or without PGD2 or PGJ2. Fig. 5C shows that
neither MK-0524 (MK) nor ramatroban (RAM) influenced
basal HA levels (no significance (ns) compared with untreated;

open bar). Fibroblasts treated with either PGD2 (5 �M) or PGJ2
(2 �M) significantly increased HA synthesis (Fig. 5C; compare
with Figs. 1A and 4B). Pretreatment with the DP1 antagonist
MK-0524 completely blocked the ability of both PGD2 and
PGJ2 to induce HA production in orbital fibroblasts. By con-
trast, pretreatment with the DP2 antagonist ramatroban was
unable to prevent the induction of HA by PGD2 or PGJ2. This
suggests that DP1 is the dominant receptor subtype involved in
the induction of HA by PG of the D and J series.
To confirm the importance of DP1 in the induction of HA in

human orbital fibroblasts, we utilized BW245C, a selective DP1
agonist (35), and assessed HASmRNA expression andHA pro-
duction. The results presented in Fig. 5D demonstrate that
treatment with BW245C (10 �M) significantly induced HAS
mRNA expression. Here, there was a significant increase in
HAS1 andHAS2mRNAexpression as early as 2 h.HAS3mRNA
increased by 6 h of exposure to BW245C. In addition, BW245C
dose-dependently increased HA levels (Fig. 5E). At concentra-
tions of 5 and 10 �M, there was a significant increase in HA
production, compared with untreated fibroblasts. In contrast,
the high affinity selective DP2 agonist 13,14-dihydro-15-keto-
PGD2 (36–38) (in the lowmicromolar concentration range) did
not significantly increase HA levels (data not shown). Taken
together, these data strongly suggest that PGD2 and PGJ2
induced HA production in orbital fibroblasts through activa-
tion of the DP1.
DP1 Activation Boosts Intracellular cAMP to Increase HA by

Orbital Fibroblasts—Activation of DP1, a Gs protein-coupled
receptor, leads to an increase in intracellular cAMP. We
hypothesized that activation of DP1 by PGD2 and subsequent
production of HA would require the generation of cAMP. We
therefore measured intracellular cAMP following treatment
with PGD2 and the DP1 agonist BW245C. Treatment with
PGD2 (5 �M) and BW245C (10 �M) significantly increased
intracellular cAMP production within 15–30 min (Fig. 6A).
cAMP levels remained elevated through 60 min (Fig. 6A, black
bars).
To investigate whether or not the elevation in intracellular

levels of cAMP was directly attributable to the increased HA
production by orbital fibroblasts, cells were treatedwith forsko-
lin, which activates adenylyl cyclase to augment intracellular
levels of cAMP (39, 40). As we predicted, forskolin alone signif-
icantly increased HA production compared with vehicle-
treated fibroblasts (Fig. 6B). We then treated the cells with
PGD2 or PGJ2 together with IBMX, a nonselective phosphodi-
esterase inhibitor that boosts cAMP levels by preventing its
degradation (41). IBMX, in conjunction with either PGD2 or
PGJ2, significantly enhanced the ability of PGD2 or PGJ2 to gen-
erateHA (Fig. 6B). Collectively, these data support the idea that
PGD2 and PGJ2, via activation of DP1 and generation of cAMP,
increase HA production in human orbital fibroblasts.
Mast Cell-derived PGD2 Activates Orbital Fibroblasts to Pro-

duce HA via HAS2—Mast cells are a key immune cell proposed
to be involved in the pathogenesis of TED via their ability to
activate fibroblasts. Mast cells are also a key cell type that
produces PGD2 in vivo. We therefore hypothesized that mast
cell-derived PGD2 would increase HA production by orbital
fibroblasts. We first sought to determine if human mast cells

FIGURE 2. Differential induction in HYAL mRNA between two orbital
fibroblast strains. cDNA from orbital fibroblast strains OF1 and OF2 treated
with 5 �M PGD2 or vehicle (Untreated) for 4 h was assessed by qRT-PCR. There
was a significant increase in mRNA expression for all three HYAL isoforms
(HYAL1, HYAL2, and HYAL3) when OF1 was treated with 5 �M PGD2 (***, p �
0.0001 compared with untreated). There was no significant increase in HYAL1
to -3 in PGD2-treated OF2 cells (ns, compared with untreated). The induction
of HYAL1, HYAL2, and HYAL3 mRNA in PGD2-treated OF1 was significantly
higher than PGD2-exposed OF2 HYAL expression ($$$, p � 0.0001 for each
respective HYAL). Results are expressed as the mean � S.D. (error bars) (n 	 3).
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produce PGD2 in vitro. HMC-1 cells, a commonly used human
mast cell line (42, 43), were used to first examine whether
mast cells express H-PGDS. Western blot analysis of
unstimulated HMC-1 cells revealed that these cells basally
express both Cox-1 and H-PGDS (Fig. 7A). We then activated
HMC-1 cells with A23187, a calcium ionophore (42), in the
presence or absence of HQL-79, a specific inhibitor of H-PGDS
(44, 45), and determined PGD2 production. Fig. 7B demon-
strates that activated HMC-1 cells significantly increase PGD2
compared with unstimulated cells. Inhibition of H-PGDS with
HQL-79 significantly reduced the level of PGD2 in activated
HMC-1 cells (Fig. 7B).

Using co-culture, we further investigated the association
amongmast cells, orbital fibroblasts, and HA production. First,

we cultured orbital fibroblasts with
HMC-1 cells (at a ratio of 1:1) for
4 h. Following the removal of the
mast cells and the addition of fresh
medium, the supernatant was col-
lected for HA analysis. When fibro-
blasts and mast cells were cultured
together, there was a significant in-
crease in HA production compared
with fibroblasts alone (Fig. 8A, open
versus black bar; **, p � 0.001).
We then utilized a transwell sys-

tem, whereby orbital fibroblasts were
physically separated from HMC-1
cells. Following 24 h of co-culture,
conditioned medium in both cham-
bers was collected for HAELISA. HA
levels were negligible in the cham-
ber (upper) containing only the
HMC-1 cells. HA production also
did not increase as a consequence
of increasing cell number (Fig. 8B,
open bars), suggesting that HMC-1
cells do not produce HA in signifi-
cant quantities. In contrast, HA lev-
els in the lower chamber (orbital
fibroblasts) were significantly
higher than in the HMC-1 (upper)
chamber (Fig. 8B; ###, p � 0.001,
upper chamber compared with
lower chamber). Co-culture of
HMC-1 cells with orbital fibroblasts
significantly increased HA levels
with increasing ratios of HMC-1/
orbital fibroblasts. Thus, even when
HMC-1 cells were physically sepa-
rated from fibroblasts, HA levels
increased, suggesting that a fac-
tor(s) secreted by the HMC-1 cells
drives HA synthesis by fibroblasts.
To determine if PGD2 was the

factor secreted by HMC-1 cells that
was responsible for driving HA syn-
thesis by orbital fibroblasts, we pre-

treated HMC-1 cells with HQL-79 (to block PGD2 synthesis)
and then added these cells to the upper chamber of the tran-
swell at a ratio of 20:1 (HMC-1/orbital fibroblast). Fig. 8C
shows that treatment of HMC-1 cells with HQL-79 signifi-
cantly attenuated the production of HA by orbital fibroblasts
compared with treatment of HMC-1 cells with vehicle alone.
These data suggest that PGD2 secreted by mast cells plays a
dominant role in HA production by orbital fibroblasts dur-
ing TED pathogenesis.
Finally, to determine whether HA production by co-cul-

ture of fibroblasts with mast cells was via HAS2, we trans-
fected orbital fibroblasts with control, HAS1, or HAS2
siRNA and co-cultured the transfected fibroblasts with the
mast cells. As expected, co-culture with untransfected fibro-

FIGURE 3. PGD2 induces HAS mRNA in human orbital fibroblasts. A, RT-PCR analysis. cDNA from orbital
fibroblasts treated with 5 �M PGD2 or vehicle for 2 h was amplified by RT-PCR and separated on 5% acrylamide
gels. All three HAS isoforms are expressed in human orbital fibroblasts. Following treatment with PGD2, there
was a relative increase in the abundance of HAS1, HAS2, and HAS3 mRNA. 7 S was used as a control. B, qRT-PCR.
Total RNA from orbital fibroblasts treated with 5 �M PGD2 for 1–24 h was analyzed by qRT-PCR as described
under ”Experimental Procedures.“ There was a significant increase in HAS mRNA levels (HAS1, HAS2, and HAS3)
beginning at 2 h (***, p � 0.001 compared with time 0 for each HAS isoform). Of the three, HAS1 yielded the
greatest increase (2807 � 213-fold); this increase in HAS1 was significantly greater than HAS2 or HAS3 (###, p �
0.001). Expression of HAS1 and HAS2 remained significantly elevated through 4 h (*, p � 0.05). By 16 h, mRNA
for HAS1, HAS2, and HAS3 was not different from control. Results are expressed as the mean � S.D. (error bars)
of triplicate samples performed on duplicate cultures.
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blasts with HMC-1 cells significantly increased HA produc-
tion (Fig. 9). Transfection of fibroblasts with either control
siRNA or HAS1 siRNA failed to attenuate HA production
elicited by co-culture with HMC-1 mast cells. In contrast,
transfection of orbital fibroblasts with HAS2 siRNA signifi-
cantly decreased HA production by orbital fibroblasts. Here,
there was a significant decrease in HA basal levels (untrans-
fected, no mast cells) as well as by fibroblasts co-cultured
with HMC-1 cells (Fig. 9). Collectively, these data highlight
the dominant role of HAS2 in HA production elicited by
mast cell-derived PGD2.

DISCUSSION

TED is a debilitating disorder that causes disfigurement
and vision impairment. TED afflicts �40% of patients with
Graves hyperthyroidism, a thyroid-specific autoimmune dis-
ease characterized by the presence of autoantibodies against
the thyroid-stimulating hormone receptor. Treatment of mod-

erate to severe TED often involves invasive procedures, includ-
ing orbital radiotherapy and orbital decompression surgery
(46). There are few effective pharmacological treatments for
TED due, in part, to a poor understanding the pathogenic
mechanisms leading to clinical manifestations of TED. Current
evidence, including data from our laboratories (3, 47, 48),
suggests that activation of orbital fibroblasts by infiltrating
inflammatory cells, particularly T cells and mast cells, plays an
important role in TED pathogenesis (49). Orbital fibroblast
proliferation andECMproduction, particularlyHA (50, 51), are
key events that contribute to manifestations of TED, such as
periorbital edema, exophthalmos, and extraocularmotility dys-
function (1, 52). Here, we have provided data indicating that
mast cell-derived PGD2 is a key factor that regulates the pro-
duction of HA by orbital fibroblasts via activation of DP1 (Figs.
1, 5, and 7). Importantly, prevention of DP1 signaling (Fig. 5) or
PGD2 production bymast cells (Fig. 8) attenuatedHA synthesis
by the fibroblasts.
HA is a large negatively charged polysaccharide that is

overproduced in the retroocular space of patients with TED
(53). HA has remarkable viscosity and ability to retain water,
which leads to increases in orbital tissue volume and anterior
displacement of the eye, culminating in exophthalmos (4).
Fibroblasts are the major source of HA in the orbit. Activa-
tion of orbital fibroblasts by immunoglobulins from TED
patients (4) and cytokines, such as interleukin-1� (51), inter-
feron-� (54), and transforming growth factor-� (55), in-
crease HA production. Our study is the first to show that
PGD2, a non-cytokine mediator, contributes to HA synthesis
by orbital fibroblasts (Fig. 1). The increase in HA production
by PGD2 is directly related to increased expression of HAS2
(Figs. 3, 4, and 9). Despite the fact that all three HAS isoforms
(HAS1, HAS2, and HAS3) are significantly increased, only
the attenuation of HAS2 expression completely abrogated
PGD2-induced HA. This is in agreement with observations
made in HAS2
/
 mouse embryos, which are virtually de-
void of HA (56). Of interest,HAS1mRNA exhibited the most
dramatic increase in response to PGD2 yet does not contrib-
ute significantly to HA biosynthesis (Fig. 4). This observa-
tion may be explained by the fact that HAS1 protein rapidly
loses its enzymatic activity (57). Thus, our data suggest that
HAS2 is responsible for most, if not all, HA production by
orbital fibroblasts in response to PGD2.

The induction of HAS mRNA and subsequent production
of HA required the generation of the second messenger
cAMP via activation of DP1. We are the first to show that DP
receptors are expressed on orbital fibroblasts (Fig. 5). Phar-
macological activation of DP1 significantly increased HAS
mRNA and HA biosynthesis (Fig. 5). Moreover, the DP1
antagonist MK-0524 completely inhibited PGD2-induced
HA production, whereas DP2 antagonist ramatroban had no
effect. These findings suggest that PGD2-induced HA pro-
duction is mediated solely by DP1. MK-0524 (also known as
Laropiprant and CORDAPTIVETM) is an orally acting drug
that is currently being developed in conjunction with niacin as
a cholesterol-lowering drug (58). Our results indicate that
selectively targeting the DP1 system (via MK-0524) in the eye

FIGURE 4. PGD2-induced HA production by orbital fibroblasts is depen-
dent on HAS2 expression. A, orbital fibroblasts were transfected with siRNA
for HAS1, HAS2, or a combination as described under ”Experimental Proce-
dures.“ The cells were cultured for 24 h in RPMI 1640 with 0.5% FBS and
treated with 5 �M PGD2 for 2 h, and HAS gene levels were analyzed by qRT-
PCR. The mRNA for HAS1 and HAS2 in the PGD2-treated SC siRNA samples was
standardized to 100 for comparison of gene expression. Each siRNA reduced
its target mRNA expression selectively and significantly (up to 80%). **, p �
0.01. B, orbital fibroblasts transfected with siRNA for HAS1, HAS2, or a combi-
nation were cultured in RPMI 1640 with 0.5% FBS for 24 h and then exposed to
5 �M PGD2 for 18 h, and HA was analyzed by HA ELISA. Fibroblasts treated
with PGD2 (black bars) increased HA synthesis. Knockdown of HAS2, but not
HAS1, significantly reduced the ability of PGD2 to induce HA in human orbital
fibroblasts. *, p � 0.05; **, p � 0.01 compared with PGD2-treated SC
siRNA-transfected; ##, p � 0.01, untreated SC siRNA versus untreated HAS2
siRNA; ns, no significance, HAS2 siRNA-transfected, PGD2-treated fibroblasts
versus untreated SC siRNA-transfected cells.
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FIGURE 5. PGD2 and PGJ2 induce HA production in human orbital fibroblasts via DP1, but not DP2, activation. A, RT-PCR. Human orbital fibroblasts (OF1
and OF2) and T cells express DP1 and DP2 mRNA. Note the variability in the expression of DP2 between the two fibroblast strains. B, Western blot analysis
revealed that orbital fibroblasts and T cells express both DP1 and DP2 protein. Membranes were reprobed for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to ensure equal protein loading. C, pharmacological inhibition of DP1, but not DP2, blocks PGD2- and PGJ2-induced HA production. Orbital fibroblasts
were left untreated (Vehicle) or were pretreated with 100 nM of the DP1 antagonist MK-0524 (MK) or DP2 antagonist ramatroban (RAM) for 1 h with or without
PGD2 or PGJ2 for 18 h, and HA ELISA was performed. Both PGD2 and PGJ2 significantly increased HA production compared with untreated (p � 0.001 (###) and
p � 0.01 (##), respectively). Pretreatment of orbital fibroblasts with MK significantly decreased the ability of PGD2 (**, p � 0.01) and PGJ2 (*, p � 0.05) to induce
HA levels. RAM was not able to prevent PGD2- and PGJ2-increased HA levels (p � 0.05 (#) and p � 0.01 (##) compared with vehicle control, respectively). ns, not
significant compared with untreated (vehicle). D, treatment with the DP1 agonist BW245C significantly increased the expression of HAS mRNA. Orbital
fibroblasts were cultured in reduced serum for 3 days and exposed to BW245C (10 �M) for the indicated times. There was a significant increase in HAS1 (329 �
128-fold increase; **, p � 0.01) and HAS2 (17 � 0.14-fold increase; ***, p � 0.001) at 2 h compared with vehicle control. HAS3 mRNA increased by 6 h (4.8 � 0.06;
***, p � 0.01). E, activation of DP1 by the selective agonist BW245C induces HA. There was a significant increase in HA when fibroblasts were treated with 5 and
10 �M BW245C (p � 0.05 (*) and p � 0.01 (**), respectively, compared with vehicle control. Samples were run in duplicate, utilizing three separate human orbital
fibroblast strains (representative results are shown).
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may prevent the severity and/or occurrence of proptosis in
TED patients by reducing HA production.
PGD2 also regulates the migration of inflammatory cells

by facilitating vasodilatation and increasing vascular perme-
ability (59). Within the eye, this would facilitate transendo-
thelial migration of infiltrating mast cells and lymphocytes,
thereby contributing to the increase in immune cells charac-
teristic of TED. Association of mast cells with fibroblasts/
adipocytes in the orbital tissue is commonly observed in
biopsies of TED patients as well as animal models of TED
(22, 23, 60–63). Mast cell degranulation and close proximity
to adipocytes are suggestive of their participation in the TED
process (23). Our data presented here strongly support the
hypothesis that mast cell-fibroblast interactions participate
in TED. We first demonstrated that fibroblasts robustly
respond to PGD2 to increase HA synthesis (Fig. 1). Using
both co-culture and transwell systems, we then showed that

mast cells increase orbital fibroblast production of HA via
PGD2 produced by the mast cell (Fig. 8). This accumulated
HA within the orbit can, in turn, facilitate inflammatory cell
infiltration (64) to the orbit, thereby perpetuating clinical
symptoms associated with TED. These data, in conjunction
with our previously published data showing that PGD2 pro-
motes adipogenesis (48), highlights PGD2 as a key regulator
of orbital fibroblast function.
It has been well described that fibroblasts are heterogene-

ous, differing not only between organ systems but also within
a given organ (25, 65–68). We previously published that
fibroblasts from the lung exhibit significant interindividual
variability in their apoptotic response to cigarette smoke
(69), a finding that may explain why only a fraction of smok-
ers develop lung diseases, such as chronic obstructive pul-
monary disease. Therefore, it is noteworthy that there was
significant variability in HA production, HA size, and HYAL
expression between orbital fibroblasts derived from two dif-
ferent individuals (Figs. 1 and 2). The increase in lowMr HA
by OF1 (Fig. 1B) correlates with increased expression of
HYAL1 to -3 (Fig. 2). These enzymes are responsible for the
depolymerization of HA, thereby generating HA fragments
(29). These low Mr HA fragments are known to promote
inflammation (70) by activating immune cells and increasing
inflammatory gene expression (71). Thus, increased HA pro-
duction, coupled with the generation of inflammation-pro-
moting low Mr HA, by orbital fibroblasts from an individual
could be a decisive factor in predicting which Graves
patients ultimately develop symptomatic TED.
Using a combination of molecular and pharmacological

approaches, we have provided data on the role of mast cell-
derived PGD2 in promoting HA biosynthesis by orbital fibro-
blasts, key effector cells in the pathogenesis of TED. We also
show that the DP1/cAMP signaling pathway rapidly acti-
vates HAS mRNA induction to promote HA production.
PGD2, in addition to causing HA accumulation, may also

FIGURE 6. PGD2-induced HA synthesis is through the DP1-cAMP signal
pathway. A, DP1 activation by PGD2 or BW245C increases intracellular
cAMP level. Orbital fibroblasts were treated with PGD2 or BW245C for up
to 60 min, and intracellular cAMP was detected as described under ”Exper-
imental Procedures.“ There was a significant increase in cAMP within 15
min of treatment with PGD2 compared with vehicle control (*, p � 0.05).
cAMP further increased by 30 and 60 min (***, p � 0.001). B, cultures of
confluent orbital fibroblasts were treated with 5 �M forskolin or 200 �M

IBMX, with or without 5 �M PGD2 or 2 �M PGJ2, for 18 h, and the cell culture
supernatant was collected for HA ELISA. There was a significant increase in
HA when cells were treated with forskolin, PGD2, or PGJ2 compared with
vehicle-treated (open bar) (*, p � 0.05; **, p � 0.01). Augmenting cAMP (via
IBMX) in conjunction with PGD2 or PGJ2 significantly increased HA when
compared with PGD2 and PGJ2 alone (#, p � 0.05). Results are expressed as
the mean � S.D. (error bars).

FIGURE 7. PGD2 production by mast cells is dependent on H-PGDS activ-
ity. A, Western blot of HMC-1 cells indicates the expression of Cox-1 and
H-PGDS. Unactivated HMC-1 cells do not express Cox-2. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping protein.
B, inhibition of H-PGDS activity ameliorates the production of PGD2 by acti-
vated mast cells. HMC-1 cells were treated with HQL-79 for 1 h, followed by
activation with A23187, and cell culture supernatant was assessed for PGD2
levels by commercial EIA kit. Activation of HMC-1 cells with A23187 signifi-
cantly increased PGD2 production (###, p � 0.001 compared with untreated).
Inclusion of HQL-79 significantly reduced PGD2 production (***, p � 0.001).
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provide an environment conducive to lymphocyte infiltra-
tion into orbital tissue via DP1. The lymphocytic accumula-
tion within the orbit may, in turn, lead to additional release
of inflammatory mediators, including PGD2. Therefore,

selectively targeting the production of lipid mediators (i.e.
PGD2) and/or activation of receptor systems (DP1) may
reduce or prevent symptoms associated with TED.
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